Introduction
============

Computed tomography (CT) has become the main diagnostic tool in tumour staging and monitoring the response to therapies of various tumours due to the relatively low costs, the wide spectrum of pathologies that can be investigated, the easy standardization of protocols and wide logistic availability. The study of tumour biology is at the frontline of oncology research; in particular, neoplastic angiogenesis is considered to be an important prognostic factor^\[^[@B1; @B2; @B3]^\]^ and a promising target of new anti-tumour therapies^\[^[@B4]^\]^. Recent work has led to the development of non-invasive imaging techniques, such as perfusion CT (CTp), that provide both qualitative and quantitative information regarding tumour angiogenesis. CTp is a tool which in theory can quantify the real perfusion of tissues by applying mathematical models and dedicated software to calculate the delivery of contrast agent, and therefore blood, to tissues; such a property of CTp is considered clinically useful and studies investigating the clinical application of CTp in oncology are increasingly reported in literature.

CTp has shown significant differences in perfusion values when comparing normal tissue versus tumoral tissue. Significantly higher perfusion parameters have been reported in patients with hepatic^\[^[@B5]^\]^, rectal^\[^[@B6]^,^[@B7]^\]^, lung^\[^[@B8]^\]^, and head and neck^\[^[@B9]^,^[@B10]^\]^ tumours. CTp has also been able to demonstrate different perfusion values between benign and malignant lesions^\[^[@B10]^,^[@B11]^\]^. Higher perfusion values in tumours could reflect the process of angiogenesis, with the recruitment and development of arteriovenous shunts, dilated capillary beds and hyperpermeable vessels, resulting in high values of flow, blood volume and permeability, respectively, measured with CTp. Direct correlation has been found between tumour perfusion parameters and biomarkers of angiogenesis such as microvessel density (MVD) and vascular endothelial growth factor (VEGF) in several tumours including lung^\[^[@B12]^,^[@B13]^\]^, pancreatic^\[^[@B14]^\]^ and colorectal^\[^[@B15]^,^[@B16]^\]^ tumours.

Another possible application of CTp is its potential role in primary tumour staging for predicting disease-free survival. Primary tumour blood flow in colorectal adenocarcinoma was significantly higher in disease-free patients, when assessed prior to curative surgery, compared with patients who eventually had metastatic disease^\[^[@B17]^\]^. The potential of CTp to predict outcome was also observed in head and neck tumours^\[^[@B18]^\]^. This predictive ability could further help clinicians in deciding on the best management plan for patients.

CTp has also shown potential in predicting response to therapy in certain tumours including head and neck, lung and rectal tumours^\[^[@B6]^,^[@B19]^,^[@B20]^\]^. Poorly perfused tumours were less responsive to chemotherapy possibly because there was a poor delivery of chemotherapeutic agent to the tumour. Poorly perfused tumours were also less responsive to radiotherapy because they were more likely to be hypoxic and therefore less responsive to radiotherapy.

CTp has shown a role for therapeutic assessment in tumours. It was found to be useful for monitoring conventional cytotoxic chemotherapy (CHT) in patients with tumours of the rectum^\[^[@B6]^,^[@B7]^\]^, the liver^\[^[@B21]^,^[@B22]^\]^, the lung^\[^[@B23]^\]^ and the head and neck^\[^[@B19]^,^[@B24]^\]^; any conventional cytotoxic CHT is expected to have an effect on tumour angiogenesis, because it causes a loss of pro-angiogenic factors as a result of the death of tumour cells^\[^[@B25]^\]^. CTp was also found to be useful for monitoring anti-angiogenic therapies, as demonstrated in hepatocellular carcinoma (HCC)^\[^[@B21]^\]^, rectal tumours^\[^[@B16]^\]^ and other body tumours^\[^[@B26; @B27; @B28]^\]^; anti-angiogenic drugs have greater cytostatic than cytotoxic effects, determining small changes in tumour size, but early changes in tumour vasculature, that are only assessable with a functional imaging technique, such as CTp. In light of this capability of functional imaging, CTp has also been used to propose and understand possible mechanisms of action of certain drugs^\[^[@B29]^,^[@B30]^\]^.

Principles of the technique
===========================

Perfusion is the transport of blood to a unit volume of tissue per unit of time^\[^[@B31]^\]^. It thus refers to the transport of oxygen and nutrients to tissues, which occurs at capillary level; it is very different from the concept of blood velocity, which refers to large vessels. In theory, CTp can quantify the real perfusion of tissues in an objective way, using mathematical models through dedicated software, as it only measures the difference in density produced by the delivery of contrast agent (and therefore blood) to the tissues.

CTp is based on certain fundamental requirements. One is the administration of contrast agent, in a small quantity at high flow rate, to obtain a short and sharp bolus.

Another requirement is repeated CT scanning of the same volume over time (also called dynamic, cine or perfusional scans), which has to be performed before, during and after the intravenous administration of iodinated contrast agent to allow the study of the variation in density with time. The density measured by CT in the unit of volume (voxel), which is the attenuation of X-rays expressed in Hounsfield units (HU), is directly proportional to the quantity of contrast agent present within it^\[^[@B32]^\]^; the contrast agent present in the volume of tissue being studied reflects the contrast agent within the blood vessels and the contrast agent that has moved to the extravascular/intracellular space (also known as interstitial space) by passive diffusion^\[^[@B33]^,^[@B34]^\]^.

A third fundamental requirement is the selection of the arterial input. The placement of a region of interest (ROI) on an artery allows one to obtain a density--time curve of the artery in question, expressed in HU/s ([Fig. 1](#F1){ref-type="fig"}). This is then compared with the density--time curve of the tissue being analysed, also obtained by placing an ROI, to distinguish between the quantity of contrast agent within blood vessels (vascular compartment) and the quantity of contrast agent present in the interstitium (extravascular/intracellular compartment). Therefore it is now possible to quantify perfusion. Figure 1Density--time curve obtained by placing an ROI over the selected arterial input, plotting density (expressed in Hounsfield units (HU)) on the *Y*-axis and time (expressed in milliseconds) on the *X*-axis.

Various kinetic models can be used to calculate the distribution of the contrast agent in the intravascular compartment and in the interstitial space, defining the parameters that characterize the perfusion in the tissues being analysed.

One of the kinetic models used is the double-compartmental type (described by Patlak), which describes the intravascular and extravascular compartments as separate compartments and quantifies the exchange between the two. This model provides an estimate of the volume of blood within the microvessels (blood volume (BV)) and of the capillary permeability.

The single-compartmental kinetic model is based on the Fick principle and assumes that the intravascular and extravascular spaces are a single compartment, a concept that is valid for time points prior to the moment when contrast medium appears in the draining veins of the tissue of interest. Perfusion is calculated either from the maximal slope of the tissue concentration--time curve or from its peak height, normalized to the arterial input function^\[^[@B35; @B36; @B37]^\]^.

The deconvolution method uses arterial and tissue time--attenuation curves to calculate the impulse residue function (IRF) for the tissue. The IRF is a theoretic tissue curve that is obtained from the direct arterial input, assuming that the concentration of contrast material in the tissue is linearly dependent on the input arterial concentration when the blood flow (BF) is constant. After accounting for the flow correction, the height of this curve reflects the tissue perfusion and the area under the curve will determine the relative blood volume; the mean transit time (MTT) can be determined from the area under the curve divided by the height of the curve, according to the central volume (BV=BF×MTT). The deconvolution method assumes that the contrast material is non-diffusible. Although non-diffusibility is a reasonable assumption in the brain, in the testicles and in the retina, it is not the case for other organs or in the case of brain tumour disruption to the blood--brain barrier. Generally, leakage into the interstitial space is slow with respect to the transit time of the contrast material and assuming diffusion is zero only leads to small errors in most organs. For the estimation of capillary permeability, a distributed parameter model is used, which is essentially an extended deconvolution model. This approach allows the deconvolution method to provide permeability values and perfusion but requires a longer data acquisition period to determine the outflow characteristics of the extravascular contrast material^\[^[@B35; @B36; @B37; @B38]^\]^.

CTp technique
=============

Target
------

It is first necessary to obtain CT images without contrast agent, which basically serve as a localizer to select the appropriate tissue area to be included in the contrast-enhanced dynamic imaging range. Therefore, thin slices are not required and these baseline images can be acquired using a low dose. If a study of the first pass of the contrast agent needs to be performed at a temporal resolution of 0.5--1 s, the volume to be studied is limited along the *z*-axis by the number of detectors of the CT being used (e.g. 20 mm for 16-slice CT and 40 mm for 64-slice CT^\[^[@B39]^\]^) because scans with such a high temporal resolution are only possible with a stationary bed position. However, repeated spiral acquisitions have been implemented by some manufacturers with a relatively high temporal frequency, possibly as low as 1.5 s between spiral acquisitions, thus potentially allowing for the quantification of perfusion using the first pass effect. Such spiral acquisitions, with the latest scanners, allow a *z*-axis coverage on the order of 21--27 cm (depending on the scanner manufacturer)^\[^[@B40]^\]^.

If the tumour happens to have a volume greater than that which the perfusion scans can include, it is necessary to identify the section where the maximal tumour area is visible and use that as the centre of the volume of the perfusion study.

Contrast agent
--------------

The contrast agent used is the conventional iodinated CT contrast agent; it is preferable to use a contrast agent with a high concentration of iodine (370--400 mg/l), because it gives greater tissue enhancement and can be beneficial in quantifying perfusion^\[^[@B35]^,^[@B41]^\]^. The contrast agent is administered using a short sharp bolus technique; a small quantity of contrast agent (40--50 ml) is rapidly injected at a high flow rate (4--6 ml/s), followed by 40 ml of physiologic saline at a similarly high flow rate (4--6 ml/s).

Modified bolus techniques have been used in CTp exams performed in lung tumours, with a decreasing bolus infusion rate (32 ml at 4 ml/s, 16 ml at 2 ml/s, and 60 ml at 1 ml/s) and followed by a saline flush (20 ml at 1 ml/s). The rationale for the contrast material infusion protocol was to maintain a more constant intravascular concentration of contrast material, to minimize the concentration gradient between the intravascular and extravascular spaces, to optimize conditions for Patlak analysis, and to improve the signal-to-noise ratio^\[^[@B42; @B43; @B44]^\]^.

In longitudinal studies in which CTp is performed on the same patient at different stages during the therapeutic regimen, it is preferable to always use the same peripheral venous access site in order to exclude any potential sources of variability.

CT protocol
-----------

Perfusion scans performed during the first pass of contrast agent (up to 45--60 s from the start of administration of contrast agent) require a high temporal resolution (1 s for protocols defined for perfusion analysis using the deconvolution kinetic model, and 3--5 s for protocols defined for perfusion analysis using the single- or double-compartmental kinetic models)^\[^[@B7]^,^[@B35]^,^[@B37]^,^[@B38]^\]^. According to the deconvolution kinetic model, the perfusion scans performed during the interstitial phase, after analysis of the first pass of contrast agent, have to be performed with a temporal resolution of 10 s and last no longer than 2 min after the administration of contrast agent, in order to apply the adiabatic approximation of St. Lawrence and Lee. On the other hand, when using the single- or double-compartmental kinetic models, the perfusion scans performed during the interstitial phase, after analysis of the first pass of contrast agent, have to be performed with a temporal resolution between 10 and 20 s, and last for between 2 and 10 min after the administration of contrast agent^\[^[@B35]^,^[@B38]^\]^.

As reported in most of the recently published studies on the use of CTp in various regions of the body, in order to reduce the x-ray dose it is advisable to use relatively low voltage (80--100 kVp) and Ampere values (120--200 mA) for the perfusion scans^\[^[@B45; @B46; @B47]^\]^. A study by Lee *et al.*^\[^[@B48]^\]^ showed that perfusion scans performed with a voltage of 80 kV allows a 300% reduction in dose compared to those performed at a voltage of 120 kV, with only an 11% loss in the signal-to-noise ratio. A study using perfusion CT on the brain to calculate regional cerebral blood flow showed that 80 kVp acquisitions versus 120 kVp acquisitions resulted in increased contrast enhancement and thus improved regional blood flow analysis, while reducing the total radiation dose received by the patient and without any alteration in mean noise^\[^[@B49]^\]^. Finally it is also advisable, and almost universally used in recently published studies^\[^[@B50]^\]^, to use a slice thickness of not less than 5 mm, which guarantees a correct balance between the requirements for spatial resolution and the signal-to-noise ratio in perfusion scans.

For reliable analysis of perfusion using CTp it is necessary to limit movements of the volume of tissue being studied as much as possible during perfusion scanning. The anatomical regions that are most subject to movement artefacts are the lower part of the thorax and the upper part of the abdomen, due to diaphragmatic movements during breathing. Hence, efforts should be made to minimize motion by appropriate approaches, such as breath-holding instructions to patients for thoracic and upper abdominal applications. Anterior abdominal wall motion during breathing movements can be reduced by using abdominal straps^\[^[@B47]^,^[@B51; @B52; @B53]^\]^. Bowel peristalsis can also cause motion artefacts during perfusion scans on the bowel. These artefacts can be reduced by administering motility-inhibiting agents such as hyoscine butylbromide or glucagon, immediately before scanning, to reduces bowel peristalsis during perfusion scanning^\[^[@B47]^,^[@B51; @B52; @B53]^\]^.

The process of deglutition can also cause significant artefacts in perfusion scans performed on the upper aerodigestive tract. Some authors described warning the patient about the sensation of warmth brought about by the administration of contrast agent in order to avoid deglutition^\[^[@B9]^,^[@B54]^,^[@B55]^\]^. It is possible to correct motion artefacts even after the perfusion scans have been performed using appropriate software for motion correction to increase the reliability of perfusion analysis using CT.

Post-processing
---------------

The calculation of perfusion parameters is performed using dedicated software. Some are commercially available and are therefore widely used in many centres, and in theory reliable because they are already tested and validated before their introduction into the market. Other software is developed autonomously within individual centres, and is therefore less widely available and does not undergo such an extensive process of validation. Such software is semi-automated as it requires the intervention of an operator to place an ROI and optimize the entire process; however, the mathematical analysis is performed automatically.

An arterial input is selected by placing an ROI in a blood vessel within the volume of the scans obtained. In theory, this is the ideal way to perform a reliable perfusion analysis using CT because arterial input is specific for every patient, and for every examination performed on the same patient at different times. Nonetheless, the selection of the arterial input can introduce a source of variability. It is still a debatable issue, for example, whether placing the ROI on the ipsilateral or contralateral side of the tumour, or whether placing the ROI on a blood vessel on the left side or the right side introduces a source of variability due to the anatomical variations between the left and right sides of the body. Some studies have shown a significant difference in perfusion parameters measured in squamous cell carcinomas of the upper aerodigestive tract using CTp when the arterial input is placed on the left external carotid artery or the right external carotid artery^\[^[@B9]^\]^.

Another debatable issue is the selection of the artery; the advantage of selecting a large vessel is the reduction of artefacts caused by tortuosity in blood flow; the advantage of selecting a small calibre vessel that is a tributary of the tumour could be that, in theory, it provides a more realistic estimate of tumour blood supply. However, artefacts due to tortuosity of blood flow have been shown to be negligible for arteries with a calibre greater than 4--5 mm^\[^[@B6]^,^[@B10]^,^[@B56]^\]^, and there were no significant differences detected in CTp parameters when the arterial input was placed on the external carotid artery or internal carotid artery, a tributary and non-tributary of the tumour, respectively, in patients with squamous cell carcinoma of the upper aerodigestive tract^\[^[@B10]^\]^. In addition, several studies using CTp in various regions of the body have successfully utilized the aorta as the arterial input or arteries that were not direct tributaries of the tumour^\[^[@B5]^,^[@B47]^\]^.

It is therefore advisable to utilize an artery of adequate calibre (\>4--5 mm) which is well visualized during perfusion scans but not necessarily a direct tributary of the tumour as the arterial input. The selection of the arterial input must also avoid artefacts due to movement and from partial volume, which could heavily influence the reliability of the analysis of perfusion using CTp. A specific comment is required for lung lesions. In most studies that report the use of CTp in lung lesions, the authors defined the arterial input by placing an ROI in the aorta^\[^[@B13]^,^[@B42; @B43; @B44]^\]^. However, Kiessling *et al.* showed that in some lung tumours an initial contrast enhancement was observed prior to that in the aorta, accounting for a tumour blood supply through pulmonary vessels^\[^[@B23]^\]^. This may have a potential role during planning of an embolization procedure and should be addressed in further CTp studies.

Accurate identification of the end of the first pass is necessary for a reliable calculation of perfusion parameters. Recirculation of blood can interfere with the calculation of perfusion parameters when using kinetic models that rely on the first pass of contrast agent, such as the single-compartmental or deconvolution models^\[^[@B55]^\]^.

Some software automatically identifies the end of the first pass; however, for protocols where perfusion scans last longer than the end of the first pass, such an automatic identification could lead to inaccuracies and it is necessary to manually identify the first pass. In order to standardize the analysis, this can be chosen to correspond with the lowest point after the maximal peak of the density--time curve obtained from the arterial input ([Fig. 2](#F2){ref-type="fig"}). In previous studies using CTp, some authors used mathematical formulae^\[^[@B57]^\]^ to standardize the end of the first pass. Figure 2Selection of the end of the first pass. (A) Correct selection of the end of the first pass by choosing the lowest point after the peak of the density--time curve. (B) Early selection of the end of the first pass (one image too early) on the density--time curve. This resulted in an erroneous calculation of the perfusion parameters (BF, BV, MTT, PS). (C) Late selection of the end of the first pass (one image too late) on the density--time curve. This resulted in an erroneous calculation of the perfusion parameters (BF, BV, MTT, PS).

An ROI is manually drawn along the borders of the tumour in order for the software to quantify the perfusion parameters within it. Most authors agree that large calibre vessels, air or surrounding adipose tissue must be excluded when drawing an ROI. The ROI must be within the margins of the tumour in the images of all perfusion scans. Therefore all the images of the examination should be examined as accurately as possible, preferably in the cine-loop modality to ensure the ROI does not extend outside the margins of the tumour^\[^[@B9]^,^[@B54]^,^[@B55]^\]^.

CTp analysis
------------

### Qualitative analysis

Qualitative analysis consists of the analysis of colour maps that are automatically generated by software for every perfusion parameter (BF, BV, MTT, permeability--surface area product (PS)). Every pixel of the images obtained is attributed a colour which represents a numeric value of the perfusion parameter calculated for that pixel. The colour scale is chosen by the operator in order to maximize the differences between areas that have different perfusion. The qualitative analysis of the colour maps yields a general view of the distribution of the perfusion within the volume of tissue being studied, with a quick identification of the areas with the highest or the lowest perfusion ([Fig. 3](#F3){ref-type="fig"}). Most of the commercially available software packages can superimpose these colour maps on the native CT images. This can be very helpful when the margins of the tumour are not well delineated, such as in the presence of complex anatomy or in the presence of post therapy changes (chemotherapy and/or radiotherapy). Figure 3A 61-year-old patient with a squamous cell carcinoma of the left oropharynx. Colour maps for BF, BV, MTT and PS automatically generated by software, in which every pixel is assigned a colour that represents a numeric value for the perfusion parameter calculated for that voxel. High numeric values are represented by colour shades of yellow and red, and low numeric values are represented by colour shades of green and blue. (A) Conventional CT image showing the extent of the tumour. (B) Colour map for BF; there is a greater presence of yellow colour shades with red traces, representing higher BF values within the tumour than in the normal tissues. (C) Colour map for BV; there is a greater presence of red colour shades representing higher BV values within the tumour than in the normal tissues. (D) Colour map for MTT; there is a greater presence of blue colour shades representing lower MTT values within the tumour than in the normal tissues. (E) Colour map for PS; there is a greater presence of red colour shades representing higher PS values within the tumour than in the normal tissues.

### Quantitative analysis

Quantitative analysis consists of the interpretation of the numeric perfusion values calculated by dedicated software, for the area within the ROI placed on the tumour by the operator. The final numeric value represents the average of the numeric perfusion values for each voxel within the ROI. This method of quantifying perfusion has the advantage that it provides an estimate of the total perfusion of all the tumour volume selected and it is has been shown to have low interobserver variation^\[^[@B54]^,^[@B58]^\]^. However, a possible drawback to this method is that it may mask differences in perfusion within the tumour itself (i.e. tumour perfusion heterogeneity) because the final numeric value used is the average of a single voxel.

The evaluation of tumour perfusion heterogeneity can be performed either subjectively by the operator when visually analysing the spectrum of colours generated on the colour maps, or objectively using graphic representation of the distribution of perfusion values for each voxel using graphs and histogram analysis. A tumour with high perfusion heterogeneity will thus have a greater number of colours represented and a wider distribution on histogram analysis compared with a tumour with homogenous perfusion. However, to the best of our knowledge, histogram analysis is not possible for large ROIs on commercial software and this could be the reason why there are no previous studies that used graphs and histogram analysis to study tumour perfusion heterogeneity using CTp.

An alternative tool to evaluate tumour perfusion heterogeneity includes fractal analysis, which is a mathematical technique that examines underlying structural geometry. This technique may serve as a complementary measure to standard ROI analysis and potentially offers a way of investigating and quantifying the spatial heterogeneity of the tumour vasculature *in vivo*. Goh *et al.*^\[^[@B59]^\]^ demonstrated that fractal analysis (fractal parameters analysed included fractal dimension, fractal abundance and lacunarity) for assessing the spatial pattern of colorectal tumour perfusion at dynamic contrast-enhanced CT is feasible and that colorectal tumours have fractal properties.

Clinical application
====================

Biomarker of angiogenesis
-------------------------

CTp has a potential role in oncology as it could possibly indicate tumour angiogenic activity. Tumour angiogenesis is defined as the formation of new blood vessels from pre-existing ones^\[^[@B32]^\]^. Methods to evaluate and eventually quantify angiogenic activity are still being studied. The potential biomarkers of angiogenesis used to date including immunohistochemical markers such as the counting of microvessels (MVD) and the identification of the receptor for vascular endothelial growth factor (VEGF), and serum markers such as counting the number of circulating endothelial cells (CEC), have shown poorly concordant results.

In theory, CTp could potentially measure the volume of newly formed vessels secondary to the process of angiogenesis, by attributing a numerical value to the blood volume within blood vessels expressed in ml/100 g of tissue. It is therefore possible to hypothesize a potential correlation between BV and the standard histological technique used to date for the estimation of blood vessels, the estimation of MVD. This correlation has been shown in different body tumours, including lung tumours^\[^[@B12]^\]^, renal cell carcinomas^\[^[@B60]^\]^, head and neck squamous cell carcinomas^\[^[@B61]^\]^, and colorectal tumours^\[^[@B62]^\]^; a similar correlation has also been found for other perfusion parameters^\[^[@B12]^,^[@B14]^,^[@B60; @B61; @B62]^\]^. There are studies, however, where this correlation was not seen. For example, Li *et al.*^\[^[@B63]^\]^ did not observe any correlation between BF values and MVD counts in colorectal carcinomas.

Besides being associated with an increased number of vessels driven by angiogenic stimuli, these newly formed vessels during the process of angiogenesis have an abnormal wall structure making them hyperpermeable compared with normal blood vessels^\[^[@B64]^\]^. One of the most prominent biomarkers of angiogenesis studied to date is VEGF, also known as vascular permeability factor, as it is thought to be directly responsible for this increased permeability of blood vessels^\[^[@B65]^\]^. It is possible to hypothesize that the calculation of capillary permeability using CTp could potentially reflect VEGF expression in a tumour. Ma *et al.*^\[^[@B13]^\]^ observed a good correlation between CTp (including the estimate of capillary permeability by PS) in peripheral pulmonary nodules and VEGF expression. Other studies failed to show a correlation between perfusion parameters and VEGF values. There was no such correlation found in studies involving renal cell carcinomas^\[^[@B60]^\]^ and colorectal carcinomas^\[^[@B15]^\]^.

The lack of homogenous results described to date may be accounted for by the small number of patients and studies performed, and also due to the fact that CTp provides a functional assessment of tumour angiogenesis unlike the morphological assessment provided by MVD counts and the biological information provided by VEGF and CEC estimation.

Tumour assessment, characterization and staging
-----------------------------------------------

Perfusion parameters measured using CTp have been shown to be significantly higher in certain tumours compared with normal tissues of the same organ; this has been seen in liver^\[^[@B5]^\]^, lung^\[^[@B8]^\]^, rectal^\[^[@B6]^,^[@B7]^\]^ and upper aerodigestive tract^\[^[@B9]^,^[@B10]^\]^ tumours. Increased blood flow (BF or BE, according to the kinetic model being used for the analysis) in the tumour compared with normal tissue could be explained by the opening of arteriovenous shunts within the tumour. These shunts, offering a low resistance to flow, cause an increase in blood flow within the microvessels. As blood flow increases, the MTT of the blood flowing within these vessels decreases. A greater BV within the tumour compared with normal tissue could be explained by an increase in the number of microvessels present as a result of the production of new blood vessels^\[^[@B66]^\]^ from pre-existing ones, due to the process of tumour angiogenesis. A greater permeability surface (PS or FE, according to the kinetic model being used for the analysis) in the tumour compared with normal tissue could be explained by the greater permeability of the endothelium of newly formed microvessels, which are structurally abnormal compared with normal microvessels^\[^[@B64]^\]^.

Studies using CTp have also shown significantly higher perfusion values in high-grade tumours compared with low-grade tumours, as observed in lymphomas^\[^[@B67]^\]^. Significantly lower perfusion values have been observed in high-grade hepatocarcinomas compared with low-grade ones and this was attributed to the presence of central necrosis in high-grade hepatocarcinomas^\[^[@B5]^\]^. The results of the experiences to date are thus discordant and further studies are needed to draw more definite conclusions on this matter.

CTp has also been used to characterize lesions in different organs. In a study on solitary lung nodules, CTp showed significantly higher perfusion values in malignant and inflammatory solitary pulmonary nodules compared with benign solitary pulmonary nodules^\[^[@B11]^\]^. Rumboldt *et al.*^\[^[@B10]^\]^ reported that CTp showed promise in differentiating between benign and malignant lesions in head and neck tumours, mostly by values of MTT, with benign lesions having longer MTT values compared with malignant lesions.

Perfusion parameters have also been correlated with tumour stage. In a series of patients with rectal carcinoma there was a significant correlation between tumour blood flow and disease stage; there was a tendency for blood flow to decrease with increasing disease stage^\[^[@B68]^\]^. Another potential clinical use of CTp at primary tumour staging is its potential role for predicting disease-free survival. The ability of CTp to identify those patients who are at higher risk of developing metastatic disease before the initiation of any therapy could have very useful implications, in that it would allow patients with tumours with different biological characteristics to receive the most appropriate therapy: surgery, chemotherapy, radiotherapy or a combination of these. To the best of our knowledge, there are only a few studies to date that have studied this predictive potential, mainly because such studies require long patient follow-up. Primary tumour blood flow in colorectal adenocarcinoma was significantly higher in disease-free patients, when assessed prior to curative surgery, compared with patients who eventually had metastatic disease^\[^[@B17]^\]^. The authors attributed this to the hypothesis that hypoxia could play an important role in the development of metastasis. Similar results were observed in another series of patients with colorectal carcinoma with high blood flow at staging associated with increased survival^\[^[@B68]^\]^. In another study the rate of perfusion determined using dynamic CT in head and neck tumours before radiation therapy, with or without chemotherapy, was found to be an independent predictor of local outcome in head and neck tumours^\[^[@B18]^\]^. Patients who had a lower median perfusion rate had a significantly higher local failure rate. The results of this study were attributed to the hypothesis that poorly perfused tumours respond poorly to radiotherapy, as tumours with low perfusion are increasingly hypoxic and therefore have a greater risk of local failure. However, greater experience is required to draw a conclusion and to demonstrate whether CTp assessment at staging may be informative on patient survival.

Predicting response to therapy
------------------------------

Studies have shown the potential of CTp in predicting response to therapy. Zima *et al.*^\[^[@B19]^\]^ observed that tumours with elevated blood volume and blood flow were associated with response to induction chemotherapy in head and neck tumours. Wang *et al.*^\[^[@B20]^\]^ observed that non-small cell lung cancers with higher blood flow were more sensitive to chemoradiation therapy than those with lower blood flow in lung tumours. Bellomi *et al.*^\[^[@B6]^\]^ observed that patients with locally advanced rectal cancers who responded to neoadjuvant chemoradiation therapy had significantly higher blood flow and blood volume before therapy compared with non-responders.

This preliminary evidence seems to show that low tumour perfusion may determine a poor response to chemotherapy because delivery of chemotherapeutic agents to poorly perfused tumours is lower. Low tumour perfusion also seems to predict a poor response to radiotherapy because poorly perfused tumours are more likely to be hypoxic with consequently poor radiosensitivity. CTp performed before starting treatment could potentially identify those patients with poorly perfused tumours who are more likely to have a poor response to chemotherapy and radiotherapy, and offer alternative or more personalized treatment regimens, avoiding expensive and ineffective treatment with potential side effects.

Therapy monitoring and drug development
---------------------------------------

Previous studies have shown a significant reduction in perfusion parameters after chemotherapy in various types of tumours including rectum^\[^[@B6]^,^[@B7]^\]^, liver^\[^[@B22]^\]^, lung^\[^[@B23]^\]^, and upper aerodigestive tract^\[^[@B18]^,^[@B24]^\]^ tumours. These observations provide the preliminary evidence that the effects on tumour vascularization brought about by chemotherapy^\[^[@B69; @B70; @B71; @B72]^\]^ can be detected by monitoring the changes in perfusion parameters measured using CTp; CTp can thus be used in the serial monitoring of such therapies.

If the effects of chemotherapy are brought about by the closing of arteriovenous shunts, this can be detected using CTp by the reduction in blood flow within the microvessels (measured using either BF or extraction-flow product (EF), according to the kinetic model used). A reduction in the blood flow within the microvessels would subsequently increase the MTT for the blood to flow within those microvessels. Similarly if the effects of chemotherapy are brought about by a reduction in the number and volume of blood vessels, this would be detected using CTp by the reduction in BV. A reduction in the number of newly formed hyperpermeable blood vessels would also be detected using CTp by a decrease in the capillary permeability (PS or EF, according to the kinetic model used).

Anti-angiogenic drugs aim to reduce the amount of blood delivered to the tumour and thus stop its growth, therefore having a greater cytostatic effect as opposed to the more common cytotoxic effect of conventional chemotherapeutic agents. One can thus appreciate the need to monitor the effects of such therapies on tumour perfusion because the sole monitoring of tumour size as a guide to the efficacy of such treatments has little significance on its own^\[^[@B73]^\]^, as it occurs only at a later stage ([Fig. 4](#F4){ref-type="fig"}). In light of the increased clinical use of anti-angiogenic drugs, there is a need for a non-invasive functional tool in the clinical arena that is able to monitor changes in perfusion induced by these agents and this can be fulfilled by CTp. In fact, CTp has been able to document a reduction in perfusion parameters after administration of a single dose of an anti-angiogenic drug in rectal^\[^[@B16]^\]^ and liver^\[^[@B21]^\]^ tumours. Several other tumours have shown an early reduction in perfusion^\[^[@B26; @B27; @B28]^\]^, even after a few hours *in vitro*^\[^[@B74]^\]^, after therapies with anti-angiogenic or antivascular drugs. Figure 4A 53-year-old woman with liver metastases from breast cancer. Conventional CT images and colour maps before (A,B) and after (C,D) 4 weeks of treatment with metronomic oral vinorelbine. (A) Conventional CT image showing a hypodense metastatic lesion in the VII liver segment. (B) Colour map for BF showing a peripheral rim of yellow colour shades along the margins of the lesion, representing higher BF values than in the surrounding liver parenchyma. (C) Conventional CT performed after 4 weeks of treatment with metronomic oral vinorelbine, showing only a minimal reduction in size, not yet sufficient to be classified as response to therapy according to the RECIST criteria. (D) Colour map for BF after 4 weeks of treatment with metronomic oral vinorelbine, showing almost complete disappearance of the peripheral rim along the margins of the lesion, accounting for a decrease in BF values.

CTp has also shown promise in helping to understand, *in vivo*, the mechanism of action of certain vascular disrupting agents. Ng *et al.*^\[^[@B29]^\]^ proposed a possible mechanism of action for the antivascular agent, combretastin A4 phosphate, in advanced non-small cell lung cancer, when administered in conjunction with radiotherapy. Following two fractions of radiotherapy they observed an increase in tumour PS, and 4 h following administration of combretastin A4 phosphate they observed a reduction in tumour blood volume. They proposed that increase in blood vessel permeability following radiotherapy can augment the vascular disrupting effect of combrestatin A4 phosphate. CTp has the potential to show *in vivo* changes in tumour perfusion and thus help understand the mechanism of action and interaction between drugs and other associated therapies. The potential mechanism of action of a nitric oxide synthesis inhibitor has also been studied^\[^[@B30]^\]^. A reduction in blood volume was observed in a group of patients with various tumours (including non-small cell lung cancer, prostate, and cervical cancer) at 1 h and at 24 h after the administration of *N*-nitro-[l]{.smallcaps}-arginine. This could potentially indicate the effect of nitric oxide synthesis on tumour blood volume and perfusion and may help direct future drug development.

Conclusions
===========

CTp is a tool that may serve as a non-invasive biomarker of angiogenesis. It has shown promise in tumour assessment, characterization and may play a role in tumour staging to predict disease-free survival. It has also shown good potential in predicting response to therapy in various body tumours. In light of the increasing use of anti-angiogenic and antivascular agents in oncology, besides helping us to understand the mechanism of action of these drugs, CTp may have a role in monitoring a tumour's response to these therapies. We can thus foresee a greater clinical use of CTp. However, further studies, with larger patient population and ideally multicentric, are needed to confirm the encouraging results published to date.
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